o C; and 150 rpm. A considerable amount of the crude xylanase was induced using hulless barley bran or soybean meal as the carbon source, but a small amount of the enzyme was produced when supplementary urea was used as the nitrogen source to wheat bran. The crude xylanase showed apparent optimal cellulase-free xylanase activity at 60 o C and pH 6.0, more than 71.8% of the maximum xylanase activity in 3.0-30.0% (v/v) ethanol and more than 82.3% of the initial xylanase activity after incubation in 3.0-30.0% (v/v) ethanol at 30 o C for 2 h. The crude xylanase was moderately resistant to both acid and neutral protease digestion, and released 7.9 and 10.9 µmol/ml reducing sugar from xylan in the simulated gastric and intestinal fluids, respectively. The xylooligosaccharides were the main products of the hydrolysis of xylan by the crude xylanase. These properties suggested the potential of the crude enzyme for being applied in the animal feed industry, xylooligosaccharides production, and high-alcohol conditions such as ethanol production and brewing.
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Xylans are hemicelluloses and the second most abundant natural polysaccharide present in the cell wall and in the middle lamella of plant cells [6] . Xylanases (E.C. 3.2.1.x) are an enzyme complex catalyzing the hydrolysis of the backbone chain of 1,4-linked β-D-xylopyranosyl units and side-chain groups in xylans [6] . These enzymes are widely isolated from various microorganisms including fungi, bacteria, yeast, marine algae, protozoans, insect, seeds, etc. [25] .
Xylanases with specific significant enzyme characteristic(s) usually play important roles in basic research and potential industrial applications, such as thermo-alkali tolerance [7] , cold activity [28] , protease resistance [21] , salt tolerance [10] , xylooligosaccharides production [17] , high stability in ethanol [27] , and freedom from cellulase activity [30] . Xylanases produced by Humicola grisea and Humicola brevis were proposed to be an alternative in the process of lignocellulosic materials treatment or paper pulp biobleaching [19, 22] . In this study, the production of xylanase from Humicola sp. Ly01 was optimized in submerged fermentation using cheap agricultural residues, and the crude enzyme was characterized and the results showed that it was tolerant to ethanol, was moderately resistant to both acid and neutral proteases digestion, effectively hydrolyzed xylan under both simulated gastric fluid and simulated intestinal fluid, and produced xylooligosaccharides from xylan.
MATERIALS AND METHODS

Chemicals
Substrates birchwood xylan, beechwood xylan, barley β-glucan, pullulan (from Aureobasidium pillulans), and carboxymethyl cellulose sodium salt were purchased from Sigma (St. Louis, MO, USA). Agricultural residues were purchased from local markets. All other reagents were of analytical grade and commercially available.
Strain and Culture Conditions
The soil was collected from a soybean field located in Liaocheng City in Shandong Province, China. Two grams of soil was suspended in 0.7% (w/v) NaCl and spread onto screening agar plates containing (w/v) 0.5% soybean meal, 0.2% KH 2 PO 4 , and 0.5% (NH 4 ) 2 SO 4 . Cultured at room temperature for 48 h, strain Ly01 was selected based on colony shape and further purified on plates of solid 2.0% potato dextrose agar medium at 30 o C. After 72 h of cultivation, the spores were scraped off and placed into sterilized water. Aliquots (1.0 ml) of a suspension containing 1 × 10 6 spores/ml were individually added to a 250 ml Erlenmeyer flask with a baffle that contained 50 ml of screening medium. After culture at 30 o C with an agitation rate of 150 rpm for 72 h, the significant xylanase activity was detected. The taxon of the strain was identified by sequence PCR amplification using primers ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC) for partial and complete genes of 18S rRNA, ITS1, 5.8S rRNA, ITS2, and 28S rRNA. The nucleotide sequence was deposited in GenBank under the accession number JX308781.
Effect of Culture Conditions on Maximum Xylanase Production
The classical "change-one-factor-at-a-time" approach was employed to evaluate the effects of culture conditions on maximum xylanase production.
For investigating the effect of alternative carbon sources on xylanase production, soybean meal was replaced with 0.5% (w/v) hulless barley bran, wheat bran, corn bran, cassava meal, soluble starch, and konjac powder. To investigate the effect of alternative nitrogen sources on xylanase production, (NH 4 ) 2 SO 4 was replaced by 0.5% (w/v) peptone, NH 4 Cl, (NH 4 ) 2 C 2 O 4 , NaNO 3 , NH 4 NO 3 , and urea.
The concentrations of 0.5-2.5% (w/v) wheat bran and 0.5-1.5% (w/v) peptone in the culture medium were varied to optimize the xylanase production.
The effect of varying ranges of initial pH values from 4.0 to 8.0 on xylanase production was studied, using wheat bran and peptone as the carbon and nitrogen sources, respectively. The pH in the initial culture was adjusted by using HCl or NaOH.
In the time-course study, cultures were harvested at 48, 60, 72, 84, and 96 h, with wheat bran and peptone used as the carbon and nitrogen sources, respectively.
Identification of the Crude Enzyme
The crude enzyme induced from Ly01 was detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 12.0% running gel). The protein within the gel was identified using matrixassisted laser desorption/ionization time-of-flight/mass spectrometry (MALDI-TOF/MS) performed by Tianjin Biochip (Tianjin, China). The Bradford method [3] was employed to determine the concentration of the crude enzyme, using bovine serum albumin as the standard.
Enzyme Assay
Xylanase activity was determined by measuring the release of reducing sugar at 540 nm from 0.5% (w/v) birchwood xylan using the 3,5-dinitrosalicylic acid (DNS) reagent. The standard reaction contained 0.1 ml of appropriately diluted crude enzyme and 0.9 ml of McIlvaine buffer (pH 6.0). The mixture was incubated in a water bath at 60 o C for 10 min, and the reaction was stopped with 1.5 ml of DNS reagent. A reddish brown color developed after placing the reaction tubes in a boiling water bath for 5 min. The absorption at 540 nm was measured when the above mixture was cooled down to room temperature. One unit (U) of xylanase activity was defined as the amount of enzyme that released 1.0 µmol of reducing sugar equivalent to xylose per minute. The enzyme activity was assayed by following this standard procedure, unless otherwise noted.
Biochemical Characterization of the Crude Xylanase
For identifying the activity of the crude enzyme, various substrates including 0.5% (w/v) birchwood xylan, beechwood xylan, barley β-glucan, pullulan, or carboxymethyl cellulose sodium salt were individually added to the reaction solution. Further characterization of the crude enzyme activity was determined using birchwood xylan as the substrate.
The optimal pH for xylanase activity was determined at 37 To examine its resistance to proteases, the crude xylanase was incubated at 37 o C for 1 h with trypsin (250.0 U/mg, pH 7.0) or pepsin (3,000.0 U/mg, pH 2.0) at a ratio of 0.1:1 [protease:xylanase (w/w)], and the residual enzyme activity was measured under the standard condition.
To determine the hydrolysis products by the crude xylanase, 0.5% (w/v) birchwood xylan or beechwood xylan was incubated at 50 o C, pH 6.0 with 4.0 U of xylanase in a reaction volume of 1.0 ml. The hydrolysis products were analyzed by thin layer chromatography (TLC) performed according to Zhu et al. [32] , with a few modifications. Aliquots (3.0 µl) of each sample were spotted on the TLC plate (Silica gel G) developed at room temperature with the solvent system of n-butanol/acetic acid/water [2:1:1 (v/v/v)], and monosaccharides and oligosaccharides were located using aniline-diphenylaminephosphoric acid-acetone reagent. Xylose and xylooligosaccharides including xylobiose, xylotriose, xylotetraose, xylopentaose, xylohexaose, and xyloheptaose were used as standards. Birchwood xylan or beechwood xylan with the inactivated (100 o C for 5 min) crude xylanase was used as a control.
Potential Assessment for Animal Feed Application
Simulated gastric fluid (SGF) and intestinal fluid (SIF) with a pH gradient were used to examine the hydrolysis capacity of the crude xylanase to xylan in vitro [4, 24] . SGF was composed of 2.0 mg/ml NaCl and 3.2 mg/ml pepsin in 0.2 M glycine-HCl. SIF (pH 6.8) contained 6.8 mg/ml monobasic potassium phosphate and 10 mg/ml trypsin. The reaction system (0.5 U/ml) of 20.0 ml SGF containing 2.0% substrate (w/v) was initially adjusted to pH 2.0 with HCl on ice, supplemented with 10.0 U of the crude xylanase, and incubated at 37 o C with constant agitation at 220 rpm at pH 2.0 for 20 min, pH 5.5 for 10 min, pH 4.6 for 10 min, pH 3.8 for 10 min, pH 2.8 for 20 min, and pH 2.0 for 40 min. Following the SGF, the reaction system was supplemented with SIF and further incubated at 37 o C with constant agitation at 220 rpm at pH 6.8 for 60 min. A similar experiment without the crude xylanase was done as a control experiment.
RESULTS
Strain Identification
The sequence (489 bp) encoding partial and complete genes of 18S rRNA, ITS1, 5.8S rRNA, ITS2, and 28S rRNA of Ly01 showed a nucleotide identity of 100.0% with Humicola fuscoatra NRRL 22980 (Accession No. GU183113), and 99.8% with H. fuscoatra NRRL 25765 (JN031580), H. fuscoatra YQ19 (GU966514), and H. fuscoatra NBRC 9530 (AB625589). The distance tree created by the neighbor-joining method also revealed the same classification (data not shown). Thus, strain Ly01 was classified into the genus Humicola.
Effect of Culture Conditions on Maximum Xylanase Production
The best carbon source for the xylanase production by Ly01 under submerged fermentation was wheat bran (36.4 U/ml), followed by hulless barley bran and soybean meal. Using the corn bran, cassava meal, konjac powder or soluble starch as carbon sources, less than 14.7% (5.4 U/ml) xylanase was produced (Fig. 1A) . The addition of peptone to wheat bran resulted in maximal xylanase production by Ly01. The (NH 4 ) 2 SO 4 , NH 4 Cl, (NH 4 ) 2 C 2 O 4 , or NaNO 3 greatly stimulated the production of xylanase (more than 88.5%; 34.8 U/ml), and the NH 4 NO 3 moderately stimulated the production of xylanase (67.4%; 26.5 U/ml). However, only 6.4% (2.5 U/ml) xylanase was produced when using urea as the nitrogen source (Fig. 1A) .
The optimal concentration of wheat bran for the xylanase production was 0.5% (w/v), and 1.0-2.0% (w/v) wheat bran induced more than 95.5% xylanase (37.5 U/ml). But the addition of 2.5% (w/v) wheat bran only resulted in 75.4% xylanase (29.6 U/ml) (Fig. 1B) . The optimal concentration of peptone for the xylanase production was also 0.5% (w/v). When the concentration of peptone was increased from 0.8% to 1.5% (w/v), the production of xylanase decreased from 86.4% to 52.2% (33.9 to 20.5 U/ml) (Fig. 1B) .
The xylanase production by Ly01 was favored in a wide range of initial pH. The highest xylanase production occurred at pH 7.0 (41.8 U/ml), and more than 83.8% enzyme (35.0 U/ml) was observed at pH 4.5-6.5 (Fig. 1C) .
The time course markedly influenced the xylanase production. Strain Ly01 produced maximum xylanase at 72 h (41.8 U/ml), and thereafter remained constant (approx. 80.0%; 34.0 U/ml). The culture harvested at 48 h produced only 18.9% xylanase (7.9 U/ml) (Fig. 1D) .
Finally, optimization studies revealed that the xylanase production by Humicola sp. Ly01 was highest (41.8 U/ml) under the following optimized conditions (w/v): 0.5% wheat bran, 0.2% KH 2 PO 4 , and 0.5% peptone; initial pH 7.0; incubation time 72 h; 30 o C; and 150 rpm.
Identification of the Crude Enzyme
The crude enzyme induced from Ly01 migrated as a distinct band on SDS-PAGE with a molecular mass of approximately 33.0 kDa (Fig. 2) . MALDI-TOF/MS analysis (Fig. 3) for the band showed 60.1% of the protein score C.I. to the extracellular glycosyl hydrolase (GH) family 10 endo-β-1,4-xylanase from Aspergillus fumigatus Af293 (35.4 kDa; XP_751877), and matched peptide mass GQIYAWDVVNEIFNEDGSLR, VLGEDFVR, SPWFSCLR, and SGSSPLLFDSNYQPK from the Af293 xylanase. Thus, the predominant enzyme in the crude enzyme might be a GH 10 endo-β-1,4-xylanase, homologous to the Af293 xylanase.
Enzyme Characterization Determined at pH 6.0 and 60 o C, the activity of the crude xylanase towards the substrates 0.5% (w/v) birchwood xylan, beechwood xylan, barley β-glucan, and pullulan was 41.8, 41.1, 1.3, and 0.9 U/ml, respectively, and the specific activity of the enzyme towards these substrates was 282.2, 277.2, 9.1, and 6.3 U/mg, respectively. However, no activity of the crude xylanase was detected towards 0.5% (w/v) carboxymethyl cellulose sodium salt.
When assayed at 37 o C, the crude xylanase showed apparent optimal activity at pH 6.0, and retained more than 75.7% of the maximum activity between pH 5.0 and 7.0, but less than 16.8% at pH 2.0 or 9.0 (Fig. 4A) . The crude xylanase was stable in a wide range of pH, exhibiting more than 63.4% of the initial activity after incubation in buffers ranging from pH 2.0 to 10.0 at 37 o C for 1 h (Fig. 4A) .
The thermal activity of the crude xylanase was apparently optimal at 60 o C when assayed at pH 6.0, and retained greater than 48.3% of the maximum activity when assayed at 40-70 (Fig. 4C) .
The activity and stability of the crude xylanase in 3.0-50.0% (v/v) ethanol were estimated, showing more than 71.8% of the maximum xylanase activity in 3.0-30.0% (v/v) ethanol and more than 82.3% of the initial xylanase activity after incubation in 3.0-30.0% (v/v) ethanol at 30 o C for 2 h (Fig. 4D) . At a concentration of 10.0 mM, β-mercaptoethanol enhanced the crude xylanase activity by about 0.2-fold. The complete inhibition of the crude enzyme activity in the presence of Hg 2+ and its enhancement by β-mercaptoethanol suggest that sulfhydryl (or thiol) and indole ring groups may play a key role in the catalysis and/or substrate-binding [13, 15] . The addition of other reagents had little or no effect on the enzyme activity.
The crude xylanase was moderately resistant to protease digestion. After treatment at 37 o C for 1 h with trypsin or pepsin, the rest of enzyme activity was 43.3% and 58.1%, respectively. The products of the hydrolysis of 0.5% (w/v) birchwood xylan or beechwood xylan were analyzed by TLC (Fig. 5) . After 5 h of reaction at 50 o C, pH 6.0, with 4.0 U of the crude xylanase, a small amount of xylose and a large amount of xylooligosaccharides including xylobiose, xylotriose, xylopentaose, xylohexaose, and xyloheptaose were observed, but no xylotetraose was detected. The result revealed the endo-acting nature of the current xylanase.
Potential Assessment for Animal Feed Application
During the simulated gastric and intestinal digestion phases for xylan hydrolysis in vitro, reducing sugar accumulated gradually and reached 7.9 and 10.9 µmol/ml in SGF and SIF, respectively (Fig. 6 ).
DISCUSSION
Using cheap and easily available agro-residue wheat bran, xylanases from Humicola sp. were usually maximally produced, and were free of cellulase activity [12, 22] . The bran from hulless barley, which grows mainly in the highlands of China, Nepal, Bhutan, Korea, and Japan [18] , is a cheap and easily available agro-residue in the QinghaiTibet Plateau of China. However, production of xylanase using hulless barley bran as the carbon source has not been reported.
Masui et al. [22] suggested that the supplementation of culture medium with additional nitrogen sources to wheat bran is not always necessary for Humicola brevis var. thermoidea, because wheat bran includes a high percentage of digestible nitrogen. The addition of alternative nitrogen sources to wheat bran also resulted in close xylanase production by Ly01, except with urea. Supplementary urea as the nitrogen source to wheat bran could produce considerable amount of xylanase from fungi such as Aspergillus niger, Humicola brevis, and Humicola lanuginosa See Materials and Methods, "Potential Assessment for Animal Feed Application" for details. The error bars represent the means ± SD (n = 3). [9, 22, 26] . These results suggested similar and different utilization of nitrogen sources for xylanase production by Humicola sp. Ly01 compared with other Humicola strains.
Many known fungal xylanases showed activity and stability at pH 3.0-6.5 and 30-55 o C, and optimal activity at pH 3.5-5.0 and 40-50 o C [1, 25] . Several fungal xylanases could exhibit both broad pH stability and thermophilic activity [8, 20, 22] . The xylanase XYL10C from Bispora sp. MEY-1 showed activity at 40-100 o C and stability at 80 o C and retained more than 70.0% activity after incubation at pH 1.5-8.0 for 1 h [20] . Humicola brevis var. thermoidea xylanase was active at 40-80 o C, and stable at 60 o C and pH 3.5-8.0 [22] . Aspergillus carneus M34 xylanase retained more than 20.0% activity at 10-100 o C, with a 5 min half-life at 60 o C, and more than 70.0% activity after incubation at pH 3.0-10.0 [8] . Compared with the three xylanase, the xylanase from Humicola sp. Ly01 was stable in a broader pH range and more active at 10-30 o C than the XYL10C and Humicola brevis var. thermoidea xylanase, and had a longer half-life at 60 o C than Aspergillus carneus M34 xylanase. Fermentation of xylan to ethanol is driven by political, economic, and technical considerations [11] . The simultaneous saccharification and fermentation using xylanase and yeast in batch cultures improved the ethanol yield and the material utilization [27] , and had a shorter overall process time for ethanol production than the separate hydrolysis and fermentation [23] . The simultaneous saccharification and fermentation process results in a high-alcohol condition, which requires an ethanol-tolerant xylanase [27] . However, xylanases with ethanol tolerance were seldom reported [27, 29] . The xylanase rXynAHJ3 from Lechevalieria sp. HJ3 could retain 44.2% of its maximum activity in the presence of 10.0% (v/v) ethanol [29] . When incubated for 2 h in 30.0% (v/v) ethanol, Aspergillus oryzae xylanase XynG1 retained 20.0% of its maximum activity, whereas XynG2 retained up to 100.0% activity [27] . Thus, the xylanase from Humicola sp. Ly01 showed inferior ethanol tolerance to XynG2, but superior ethanol tolerance over rXynAHJ3 and XynG1, suggesting the potential for application in the fermentation processes of the brewing industry and ethanol production.
Xylooligosaccharides are newly developed functional oligosaccharides that feature many beneficial biomedical and health effects, including their selective metabolism by Bifidobacteria, their ability to increase production of volatile fatty acids, their ability to diminish ulcer lesions in the stomach, and their stability over a wide range of pH and temperatures [17, 32] . Most xylanases hydrolyzed xylan into xylobiose or a mixture of xylobiose to xylotetraose [14, 16, 17, 32] . The xylanases from Trichoderma longibrachiatum and a Holstein cattle rumen metagenomic library produced xylooligosaccharides with a degree of polymerization from 2-7 and 2-6, respectively [2, 5] .
However, Humicola sp. Ly01 xylanase produced xylose to xyloheptaose without xylotetraose. The xylanase from Humicola sp. Ly01 might be a new alternative used for producing xylooligosaccharides.
Xylanases with resistance to both acid and neutral proteases were rarely reported [21, 31] . The xylanase XYL11B from Bispora sp. MEY-1 had strong proteases resistance to pepsin and trypsin, but it lost activity at neutral or alkaline pH [21] , suggesting XYL11B might have lost its functions in the animal intestine. The xylanase r-XynB119 from Streptomyces sp. TN119 retained more than 91.7% activity after treatment with acid and neutral proteases, and half-life of the enzyme at 50 o C was about 20 min [31] . Although the crude xylanase from Humicola sp. Ly01 was less resistant to proteases than r-XynB119, it had better thermostability. Furthermore, the crude xylanase from Humicola sp. Ly01 first showed the effective hydrolysis of xylan under both SGF and SIF conditions. These properties of the crude xylanase from Ly01 might make it a candidate for potential applications in the animal feed industry for improving nutrient utilization of feed.
In this study, the crude xylanase from Humicola sp. Ly01 was produced using cheap agricultural residues. The crude enzyme showed tolerance to ethanol and moderate resistance to both acid and neutral proteases digestion, effectively hydrolyzed xylan under both SGF and SIF conditions, and hydrolyzed xylan to xylooligosaccharides. These properties suggest the potential of the crude enzyme for bening applied in the fermentation processes of the brewing industry, animal feed industry, and in ethanol and xylooligosaccharides production.
